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FREE-FIELD MEASUREMENTS O F THE ELECTRI CAL PROPERTIES OF SOIL
USING THE SURFACE WAVE PROPAGATION BETWEEN TWO MONOPOLE
ANTENNAS

NicholasDeMinco,RobertT. Johnk, Paul McKenna,
Chriss A. Hammerschmidi, Wayde Alleh

This reportdescribe®ne ofthreefreefield radiofrequency (RF) measurement
systemghat arecurrently being developed by engineers at the Institute for
Telecommunication Sciences (NTIAS). Theobjectiveis to provide estimates

of the electrical properties of the ground (permittiatydconductivity) over
whichthe measurement systear® deployedThis measuremergystem uses
transmissionossmeasurements betwesmo monopoles placedose to the
groundat specificseparatiordistance. Soil properties are extracted by comparing
measured data with known analytical models and optimizing the results.

Key words: antennaradio-wave propagatiorgeconvolutionfouriertransform frequengy
domain;gating; monopolantennareflectivity, signal processing-parameters,
time domaintransmission losgpropagation measurement

1 INTRODUCTION

A nearearth propagation measurements programimragtedat thelnstitute for
Telecommunication Sciees (NTIAITS) Table Mountain Field SiteETMFS)in August2009
under the sponsorship tife Naval Research Laboratory (NRI4.second set of measurements
sponsored bthe Table Mountain Research Project were performed in May 2@ purpose of
theseefforts was to develop improved propagation prediction tools and mémtettosein
distances (2250 m) and low antenna heigh@-8 m). While comparing measured and modeled
results, quesons arose about tressumediielectric permittivity and conductivitgf the soil at

the TMFS. These ground constartnhave a significant influence on RF propagation
predictionsnear the ground and need to be accurately characterized.

The system described 8ection2 of this report performs twport transmission measurents
between two resonant groupthne mounted monopoles placedaiousseparatiordistance
ranging from2 to 250 meters The measurements were conducted along a main access road at
various road positions using stepgeejuency transmission measureiseover the Earth

between the monopolesorthe set of measurementaken inAugust2009 the separation
distances were varied within the full range; for the sesah@f measurementsken inMay

2010 the separation distance wiased at8.3 neters It is desirable to locate the antennas as
close to ground as possibio that the predominant mode of propagation is by means of the
surface waveThe monopolesvereplaced8.9 entimetersabove groundo simplify feedingthe

! The authos arewith the Institute for Telecommunication Sciences, National Telecommunications and Information
Administration, U.S. Department of Commerce, Boulder, CO 80305.



antenndrom below the groundlpnewhile maintainng theantenna height as close to zero with
respect to a wavelength as possible

For the frequencies under consideration (30 to 915 MHz), this is essentially equivalent to a zero
height antenna, because the wavelengths are betwe@&ah@2.0.0 raters.The propagation

between the antennas is predominantly via the Norton suvaee{1]-{3], because the

antennas are very close to the Eafththis heightthe direct and refleet waves cancel each

other, resulting in only the surface wave componefithe ground wavas the mechanism for

radiowave propagationilhe skin depth of the propagating wave into the saigsificant so

the use of the surface wag#ectively probeshe groundresuling in an aggregate measure of

the ground constants ofthesdilct ual skin depths for different
( & will be presented in Sectich



2 MONOPOLE TRANSMISSIO N MEASUREMENT SYSTEM

The systema schematic oivhich is shown irFigurel, uses aector network analyz¢VNA) to
perform steppedrequency transmissiofs-parametermeasurementsver a wide frequency
rangebetween two resonant monopoles separated at a distahlse monopoleare mounted at

the center of circular aluminum ground planes, and are coaxially fed on the bottom side of the
ground planesEach antenna is soldered to a coal@atthrougtthat provides a typ8l

connection from the bottonielectricspacers on the pks provide enough clearance éor

coaxial cable to feed the monopoles.

The nominal height of thground planess h;=h,=8.9 cm. The VNA is configured to perform
steppedrequency measurements of thgparametefs,;. Measuremendata were acquired over a
frequency rangéom 300 kHzto 6 GHz.Datafor the analysisvas extracted from this
measurement set over a frequency raagesebf 30 MHz to 915MHz, because of the limited
dynamic rangeutside the operatinfgequencyrangeof theresonantmonopole argnnas

The system is calibrated by connecting the transmitting and receiving cables together and
performing ahroughcalibration. The cables are then connected to the antenn#iseand
transmissionossis measured.

Tx RXx
Monopole Monopole

................................ VNA B SR
TX TX
Port1 Port 2

Figurel. Schematic diagram of the amopolemeasurement system

Both magnitude and phase information are acquired, which permits transformations to and from
the time and frequency domain. This capability provides more insight into the propagation over
the ground andgrmits processing to enhance accuracy and signal fidslityindowing the

stepped frequency data and time gating the time domain waveform

A flow chart showing theignal processing sequence is showRigure2. Thesestepped

frequency data are windowed to suppress undesireof-dand effectsthen inverse Fourier
transformed to obtain a tirdomain waveform. Time gating is then applied to isolate the desired
propagation events andimprove signako-noise performance=inaly, the gated waveform is



Fourier transformed to yield the gat8d,. Figure3 depicts the results of this processishows

the influence on the amplitude spectra when the effects of a nearby reflector are removed using
time gaing. The corresponding ungated and gated time domain waveforms are stiagurén

3(b). The presence of a nearbyatteremanifests itself in the secondary wavelet that follows the
main propagation event. After this packet isegeout and Fourier transformed, the resulxng

is smoothed out and systematic scalloping is remdvemmbination of signal processing and

time gating were used to remove the effects of nearby reflectors and scatters to isolate the
coupling between #hantennas. This produces a significant improvement in signal fidelity and
signatto-noise ratio.

The surface wave loss measuremantheTMFS wereperformed by measuringé propagation
loss between twmatchednonopole antennasach mountedn aseparée circular ground

planes using techniques described in the previous paragrajplesground constants are
determined by using the measured loss of the surface wave between two antennas at known
distancesThe antennas wegeset ofquarterwave monopolesessonant at 150, 250, 430, 700,
and 915 MHzThe ground planes were approximatehequarter wavkengthin radius The
antennas weregpaced aknown separatiodistancesnd placed on the ground at a height of
approximatelyzero meter$8.9 cm)above groud. Practical limitations of feeding the antennas
prevented heights less than 8.9 cm,dnalysis has verified that there is a negligible difference
in results between the 8.9 cm and zero antenna heights.

The approach was to compute the propagatiorfistween the two antennas at the fixed
distances for a variety of ground constants and frequencies and match the measstxthess
appropriate curvet® obtainthe various ground constanthe distancebetween the antennas
which measurements wetakenin 2009included: 2, 3, 4, 5, 8, 10, 15, 20, 25, 30, 35, 40, 50, 80,
100, 150, 180, 200, and 250 meté&ata for this sceario reflectsa road sectiowith a flat

terrain measurement environmenie portion of the path used for performing the measents
was lineof-sight. The frequency wastepped fron800 kHz to 6000 MHzvhile the antennas
remained stationargt each of the distances listed abdae201Q a second set of measurement
data was takeat thesameocation but only at a fixed distare of 8.3 neters.
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3 GROUND-WAVE PROPAGATION COM PUTATION METHOD AND THE
DEVELOPMENT OF THE U NDISTURBED-FIELD MODEL

The ground wave includes the direct Hofesight space wave, the gnod-reflected wave, and

the Norton surface wave that propagates along the Earth. The Norton surface wave will hereafter
be referred to as a surface wave in this report. Propagation of the ground wave depends on the
relative geometry of the transmitter amdeiver locatiosand antenna heights. The radio wave
propagates primarily as a surface wave when both the transmitter and reneverasireclose

to the Earth(approximately 0.25 wavelength or leds¢cause the direct and grouedlected

waves in lhe space wave components of the ground wave cancel eacbutth&s a resultthe

surface wave is the only wave component toaitinues to propagate

This cancellatioroccurs becaudbe elevation angle is zerthe two waves (direct and reflected)
areequal amplitude and opposite in phas®d theytravel the same distance. The surface wave is
predominantly vertically polarized, since the ground conductivity effectattdnuatesnost of

the horizontal electric field component at a rate many timégdahthe vertical component of the
electricfield. When one or both antennas are elevated above the ground to a significant height
with respect to a wavelengfgreater than 0.25 wavelengtthe space wave predominates.

When the antenisare close to t ground with respect to a wavelength, the surface wave
propagates along and is guided by the Eahirface. This is similar to the way that an
electromagnetic wave is guided along a transmissionTime attenuation of this wave is directly
affected bythe ground constants of the Earth along which it trg\ig¢l<harges induced in the
Earth by the surface wave travel with the surface wave and create a current in the Earth. The
Earth carrying this current cdre modeled as leaky capacitor & capacitive reactanchunted

by aresistance). The characteristics of the ltag a conductor atbereforerepresented by this
equivalent parallelesistorcapacitorcircuit. The Earths conductivityacts as aesista and the
EarthHs dielectric constardcts as @apacitor. As the surface wave passes over the surface of the
Earth, it is attenuated due to the current flowing through the ’Basghistance. Energy is taken
from the surface wave to supply the lossesienground

Since he equivalent circuit of the Earth is a resistor of resistance R (ohms) and capacitor of
capacitance C (Farads) in pargllabre current flows through the resistaatéower
frequenciesR<< 1 / ¥¥G 2" fvherefis the frequency in Herfzandthe attenuation factor is
then primarily dependent on the conductivity of the Earth and the frequenioyver HF
frequencies, AM broadcast (medium frequencies), and lower frequencies in the Lbdland (
300 kHz), the Earth can be regarded as being purely resistive in maiufeequencies above
about 150 MHz, the impedance represented b¥#rthis primarily capacitive, so the
attenuation factor for the surface wave at a given physical dissgdegermined by the

dielectric constant of the Earth and the frequda¢yThe impedance of the capacitor decreases
with increasing frequency.

ThelTS UndisturbedField Modelwas originally developetbr very short-range propagatiofor
distances o2 to 30 metersSubsequentlyhie modelwasshown to be accurate for flat terrain up
to 2kilometerg[2]. The minimum distance is based on stayindisttances greater than the
distancewithin whichthe reactive fikel of the antenna is preseiitiis is a distance of one
wavelengthExtensive testing with exact models at claséistances has verified the



computation accuracy for distances as close as 2 meters over the 150 MHz to 6000 MHz
frequency bangR].

This method involves the calculation of the undisturbed electric field as a functaotesfna
heights distance, frequency, and the ground constiaats which the path loss is derivethe
undisturbed field is that electrield produced by a transmittirgntenna at different distances
and heights above ground without any fididturbing factorsuch aotherreceive antennas

the proximity of the receiver antenna locati®he undisturbed electric field technique includes
nearfield effectsof the transmit antennshe complex twaay model, antenna neéeld and far
field responsgand thesurface waveSince this is a lin@f-sight model, the ground is assumed to
be flat over the distance @fkilometersor less with no irrgular terrain presenior distances of
less than 5 kilometerthe curvature of the Earth has a negligible effect and can be assumed to be
flat for frequencies less than 6 GHz over a smooth Ea}tifhe model was originally

developed for antenna heights of 1 to 3 meters, but further improvements in the model have
demonstrated thahé modekan be used for antenna height ranges fddml meter It is valid

for frequencies from 150 MHz to 6000 MHz [2].

Thespace wave compong(direct and reflected waves) and surface wave component idiShe
UndisturbedField Modelarebased on the Sommerfeld integral arising from the solution for the
field due to an elemental dipole aboveraform, finitely-conductingdielectric half spae[4]—

[6]. The half space is bounded by tBarth-air interface Norton[4], [5], in his effort to simplify

the expressions developed by Soerfeld[7], derivedequations that clearly show the surface

wave and space wave components. Jof@pe i mp | i f i ed Ndydelegngthes equat i C
higher order terms for the vertical and radiaédted components of the electric field in

cylindrical coordinates. These higher order terms represent the induction and near field of the
antenna and diminish rapidly with distance. Jordfyrther reduced the equation complexity

by combining the veor equations for the vertical and radial directed field components, and then
separating the resulting equation into a total space (direct and reflected waves) and surface wave
componerg At distances within the line of sighhefield strengthof the spae and the surface
wavefor vertical polarizations given by[4], [5] and[8]:

2 A ikry - ikr, &

. e
E =i30IkL + CO
space ?rl R/ r2 8 3/
)
. g e a _ sin’y %
Euurace = 130KL (1 -R) A ; 1 2f Bcody ael—zw_ ¢ 2
2 o +
where:
k=2 1,/ A

Ais the flatEarth attenuation function

| is the peak dipole current amplitude in amperes
L is the length of the dipole in meters

W= { oh)bhe

¥ is the angular frequency and is equatg f



fis the radio frequency in Hertz

¢ is the magnetic permeabilitf the Earthe  7A 4~ "Adnfles pemeter

g is the relative permeability of the Earth

U A® -885-10°=the permittivity of the Eartin Farads per meter

U is the relative permittivity ofhe Earth

B is the permittivity of free spada Farads per meter

U is the condutivity of the Earth in Siemenger meter

y is the angle representing the direction of the incidenevwmaeasured with respect to
theEarth's surface

h; is the height of the transmitter antenna inerst

h, is the height of the receiver antenna in meters

dis the horizontal distance along tBarth

The distance; = (d2 +(h, - hz)z)y2 is the distance between the dipole and the observation point
in meters.

The distance, = (d2 £h, hi)z)y2 is thedistance between tligpole image and the observation

point in meters.

R, is the complex reflection coefficient for vertical polarization and is given by:

a%’r-isgsiny-\/a?gr-i s g- cos’ y

R:g we = o we =
%*r-isgsiny +\/§@r-i S g- cos’y
¢ we = ¢ we =

©)
Equations (1) through (3) are different for horizontal polarizatiahcam be found in [8].

The attenuation functigr, is the ratio of the electric field from a shedrticaldipole over the
lossy Earths surface to that field from the same shverticaldipole located on a flat perfectly
conducting surfaceandtakesinto account the ground losses. There are two forms of the
attenuation function presented in this repdhte ITS Undisturbed Field Model was developed in
several versionsvith each version improving on the previous versidmsesponse to a request
from the NTIA Office of Spectrum Managememodeldevelopmentvas initiated to

specifically address the applicationpybpagation loss predictions feery low antenna heights
and closen distance$2].

The originalconcept for development of a propagatmoadel[2] used the Numerical
Electromagnetic Cod@NEC) software[12], which uses a method of moments technique in
electromagnetics to compute the electric field versus frequency, ground constants, antenna
heights and distances. This electric field i®thconverted to a basic transmission Ess
described in [2] Thisoriginal method was cumbersome and required running thedeE®are



many times to get results over a variety of input paramatetscenario® create lookup tables
to cover the variouparameter range$his was Version 0 of the ITS UndisturbEdeld Model.

Version Oneeded to be streamlined into a more efficard flexiblecomputatiormethodin the
form of acomputer model that would rapidly compute propagation loss to be usextemsy
performance computations and othealysisapplicationsln response to a Naval Research
Laboratory request to further develop the initial concept into a fast efficient computation model,
Version 1 was developed. Thpproximate attenuation functidgescribed by (4) and (5) ised

in Version 1of the Undisturbedrield Modelwhich is described in this sectidhuses simple
algebraic equations to perform the calculatidfezsion 2 uses theore exactepresentation of
the attenuation functioand isvalid for a wide variety of parameterthan Version 1lt uses a
more complex mathematical algorithm to perform its computatidmes compared to the simple
equations of Version.Mersion 2 contains theore precise form of the attenuation functibat

is used in the ITS UndisturbeBield Modelto perform the propagation loss computation in this
analysis.

Version 1 of the ITS Undisturbed Field Model uses the original Norton approximation to the
attenuation functiorNorton simplified tle exactand morecomplexequatiors for the surface
waveattenuation functiomto two formsthataremore amenable to calculatioviersion 1with

the Norton approximations to the fleairth attenuatiofd], [5] function of the surface wavean

be easily implemert on gprogrammablealculator and iseasonably accurate for ligé-sight
propagatiori6].

TheVersion lattenuation functiord, is given by:

3 “5p,
A= g 04 00K ?ﬁE inb ag (4a)
- ¢

for pp < 4.5 and alb:

for po > 4.5 and alb:
A=——— 2P Ginb)as” (4b)
' ¢

where for vertical polarization:

R(km g f( MH3 2g:ost

(54x1¢)"s (52)
(e +1) f (MHz)

18x10's

b=tan'



and for horizontal polarization:

pR(kM6 10" s
P =
cosb ' (5b)
s (8- 1) T (M)
B 18x1CGs

where:

R(km = 5 30° is the distance between the observation point and the dipole image in

km,
G is the conductivity of the Earth iemens per meter
Uis the relative permittivity of the Earth
f(MHz) is the frequency in MHz

These results are approximations. More exact results were sought for implementation in the ITS
UndisturbedField Model.

Version 2 uses Norton’'s more exact mathematic
for themore precisapproximationg(6) and (7)}o the flatEarth attenuation functiort is

accurate for a wider range of parameterg is more difficult toamplement This wasderived by
Nortonfrom the original Sommerfeld formulatiqi] for the flatEarth attenuation functioof

thevertically polarizedsurface wav¢5] and is given by:

A=l 4ppererd iR, ©)

where
P = +k22r2 D et 2 (7a)
D=%(1+Ncosqr) (7b)
5 pA
N=K S S8 (7c)
kz ¢ g =+
_ a .S
k. =w, /&éereﬂw (7d)
k, =wy| 1 £
r, = (07 +(h +h, ) (7e)

10



+
cosg, = hl—hl (7f)
r‘2
The horizontal component of the surface wave a#ttgsuat a rate several orders of magnitude
greater than the vertical component and has a magnitude that is negligible in comparison to the
vertically polarized component of the surface wave [8].

Equationg(6) and (7) aremplemented i'Version 2 ofthe I TS UndisturbedField Model usedor
computation of the propagation lossése complementary error function, designateetgin
(6), is describedni[9]. The parametens, andb are as defined above (sé&a)(and (B)), and

i=+-1.

The field strength at small distarsde directly proportional to the square rootlo¢ power

radiated by the transmitter and the directivity of the antenna in the horizontal and vertical planes.
If the antenna is noedirectionalin the horizontal plane and has a vertical directional pattern that

is proportional to the cosine of the elevation angle (this corresponds to a short vertical antenna),
then the electric field at one kilometer for an effective radiated power of one kiiev@@0

mV/m [1]. The flatEarth attenuation functio@, depends ofrequency, distance, and the

ground constants of the Earth along which the wave®ling. A numerical distancpg, and

phase angldy, can be computeahd arefunctiors of frequency, ground constants, and distance

in wavelengths.

If the numerical distancey, is less than one, then the attenuatiorcfiom is very close to one,

and as a resujtfor distances close to the transmitting antenna the los$les Earth have very

little effect on the electrifield strength of the surface wave. In this region, the electric field
strength is inversely proportional to distance. For situations where the numerical distance
becomes greater than unity, the attéimmefunctionrapidly decreases in magnitude. When the
numerical distance becomes greater than 10, the attenuation factor is also inversely proportional
to distanceln this circumstancehe combination of the attenuation factor and that@nuated

eledric field being inversely proportional to distance results in the electric field strength of the
surface wave being inversely proportional to the square of the distance
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4 ELECTRIC FIELD PENETRATION DEPTH OF THE SOIL AND ITS EFFECT ON
GROUND-WAVE PROPAGATIO N

Thedepth to which the ground curremisd electric fielgpenetratdo e | ow t he BEadr t h’' s
still maintain an appreciable magnitugedetermined by the average values of the Earth
conductivity( capdrelative permittivity( §, and the frequencyenetration deptis similar to a
skin depth phenomenon in a good condydiatthe Earth is a poor conductdrhe skin depth
ranges from a fraction of a meter at the highest frequenci®&dfbrcommunications to tens of
meters at AM broadcast and lowegquencies. For this reasaroundwavepropagation at the
lower frequencies is not particularly dependenpmpertiesat the actuagjroundsurface.
Therefore, a recent rainfaithich would result in a dramatic change of permittivity at the ground
surfacewould not significantly affect propagation at MF and LF frequen¢iesvever, at VHF
frequencies a recent rainfall could affect the propagation of radio waeetothe additional
moisture content of the groumear the ground surface

The electric feld strength at a distance z below the surface of the Earth is giy&@]by
E=Ee™, (8)
where:

Eo is the electric field intensity at the surface of the Earth
zis the depthn metershelow the surface dhe Earth
ais the attenuation per meter of the electric field intensity

The attenuation per meteiis given by
1 25 B
a= mj e, |1 %/7 5
2 cwe 9

wis the angular frequency and is equal taf2

fis radio frequency in Hertz

¢ is the magnetic pereability of the Earte - 4’ex 10" Henriespermeter
g is the relative permeability

U= the permittivity of the Earth § - (8.85 x 10*?) Farads per meter

{ is the relative permittivity ofhe Earth

G is the conductivity of the Earth iemens per meter.

N

: (9)

where:
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The distance the wave must travel in a lossy medium to reduce its ampligide868 of its

value at the surface is= 1/Umeters and is called the skin depth of the lossy medium. For other
values of attenuation of the electric fietde™ Z one can usBlto determine the distanedelow

the surface where the electric field is attenuated to thatrrafioe ratior is always less than or
equal to 1. The distan@as given by:

zZ= -In_r , (10)
a

wherelnr is the naturblogarithm ofr.

An example is wherg=300 kHz,e; = 1 for a nonmagneti€arth, = 15 for average ground,=
.005 for average ground. The attenuatibs calculated as .0751 per meter arnsl calculated as
1/U=13.32 meters.

The skin depthis the dstance at which the electric field i$ er .368 (36.8 percent) of its e

at the surface of the Earth0]. The electric field at this large percentage does not represent a
significant attenuation of the electric field. Some applicatroagrequire dower electric field
percentage such as 10 percéiithe distancez, at which the electric field is .1 (10 percent) of its
value at the surface is desired, tthenis In (.1) =-2.3026, andJ= .0751,s0

z= ( 2—.3026 la 36 6t meters Figure4 shows the skin depth of several types of media as a

function of frequencyThe skin depth does not vawy significant amourgfor each media type

at thesdrequenciesFigure4 demonstrates how significant the different ground constants are in
affecting the magnitude of the skin dedtrshows that the skin depth is quite large for poor and
average groundrigure5 is an expansion dfigure4 along the frequency axis to show the skin
depth in the 100 kHz to 10 MHz range, and demonstrates how large the skin depths are below
2 MHz.
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4.1 Computed Sensilvity of Propagation Loss to Values of Epsilor( JJand Sigma( G )

TheUndisturbedField Model[2] developed at ITS was used to perform all propagation loss

prediction computations as a function of antenna heigh¢es] at i ve di e)l,ectri c co
c onduct frequertyyand disfancd.he results of these computations are shown in the

figures in Appendix AThe model has been verified witbmparisons to more exact modgg

and measured data.

Figure A1 shows the propagation loss for three types of ground for a distance of 10foreters
antenna heights at zero metdrkere is a significant difference in the predicted propagation loss
betweenpoof &= 4. 0, andgoodigroon@.&) 25 . 0, .AspartofthisO 2 0)
analysis effort, a&tudy was performed to determine the sensitivity of the propagation loss to
variations in conductivityq) andrelativepermittivity (g,). Figures A2 throughA-5 show the
sensitivity of propagation loss tbandg; for a separation distance of tri@ters The heights of

the transmitter and receiver antenf@sall figures in the Appendix are equal to zerbe
computations and measurements are based on hefgh&centimeters which is equivalent to a
zero height at these frequencies. Computations at heights of 8.9 centimeters and 0.0 centimeters
verify this assumptiorfigure A2 shows that for a low conductivity, tHess is very dependent

on the value of,, butFigure A3 shows that for a higherthe loss has less dependenceon
particularly for frequencies at and below 150 MRAmures A4 and A5 show that the loss is
dependent oo only for frequencies atral below 150 MHzThe sensitivity to variation io is
greater for lower values @f. Figure A4 has a value of, = 4 and a higher sensitivity to changes
in g, wheread-igure A5 has a value of ;- 25 and a much lower sensitivity to variationsin
Figure A6 is a plotof loss versus with an expanded scale askdows how insensitive the loss

is to variations iro for frequencis above 150 MHZigure A6 showsthat there is some

capability to determine from lower frequency data at and below 150 MHz.
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5 SOIL DIELECTRIC PROP ERTIES OBTAINED AT T ABLE MOUNTAIN USING
MONOPOLE TRANSMISSIO N MEASUREMENTS

Figures A7 through Al1lshow the results of compag predictionsto measurements for data
taken in late August of 2009 hedistance and vertical scalegre expandetbr better vertical
scale resolutiorMeasured data wawiginally recorded oer separatiordistancesanging from2
to 250metersusing monopole antenna pairs resorarihe five frequencigd50.5, 250, 430,
700 and 915 MHg The datashowthatthe dielectric constants vary over the distance of the
measurement patMost data arlgsis took place over shorter distanc€hisstudy concentrated
on distances in theto 15 meter rangeThe ground at Table Mountain is not homogeneous,
which accourgfor theerraticvariation of loss versus distansaown inFigures A7 through A
11

Thesedata were available to determine the gropachmetersf o andg, for the measured data

collected in August 200%ince the values af could not be determined at the frequencies above

150 MHzas discussed in Section 3dhly g, was obtained from these plo®his is due to the

lack of sensitivity of the propagjon loss at or above 150 MKz values ob. At lower

frequencies below 150MKHz he | oss i s i ns g,bd sensitive ® variagiony ar i at |
i n The permittivity varies as a function of distance and frequeralyle1 shows the results of

extracting the values of permittivity frofigures A7 through A1l (August 2009atg for a

conduct E0.005 Siemenk peometdable 2 showshe values o6 from Figures Al12

through A19 (August 2009atg. The average a | u @n Tabie 1 & approximately 6.0 for the

first three values of Table 1 and 7.0 for the entire table, seathesof €, of 6.0 to 7.0 were used

to determines, because; is known tobe relatively constanih the 30 to 150 MHz regiojil].

Referringto FiguresR and A3 t he | ecswlr wees saurse €r el at6iQand |l y f | a
7.0 for frequencies less than 150 MHz.

Tablel. Values ofpermittivity (J for the distance range of 810 meters at frequencies at and
above 150.0 MHZAugust 2009atg.

Frequency (MHz) Permittivity , § Conductivity
150.5 7.0t08.0 0.005
250.0 6.0t0 7.0 0.005
430.0 40t05.0 0.005
700.0 7.0t09.0 0.005
915.0 8.0t0 9.0 0.005

Theanalyss using the lower frequencies below 150 Mias performed to determimeby

compensating the measured data to take into account the reduced efficiency of the antennas when
operating below 150 MHz and then comparing#dreeasured data to the predictionsheese

lower frequenciesThe distance range was reduced to 7 to 9 meters to allow expansion of the
vertical scales for better resolution.
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Using data at lower frequencies below 150 Mthis compensatiotechnique wasisedto

extractl, from the measuredatashown inFigures A12 to A-19. The monopole antennas are
narrowband and resonant at their design frequentiesraw measured data shows the maximal
response of these antennas at their resonant frequenm@asmpensatiotechniqueancludeda
correction byapplying an impedance mismatch loss in addition to an adjustment of average gain
at the lower frequencies.

This mismatch and gain compensatiaformation was obtained by modeling the 150 MHz

monopole antennas at frequencietolv 150 MHzusing he methodf moments technique of

the NECsoftware[12). The NECsoftwarec an comput e an antenna’'s r ad
input impedance characteristics. The physical and electrical structure of the 150 MHz resonant
monopole on a circular ground pkwas used as input to the NE@tware When this antenna

is analyzed at frequencies other than 150 MHz with the BlitWare the gain, input

impedance, and radiation pattern are computed at the other frequemjasted.

The mismatch loss was compdtieom the computed input impedance using conventional
techniques as found in [8]. The total degradation in gain and efficiency at frequencies below 150
MHz was obtained by adding the gain degradation and the impedance mismatciitogpshé)

150 MHz mongole provided useful data down to 30 MHEhe result§rom Figures Al12

through A19are summarized imable2 for thefrequencies listed

Table2. Values of, for thevariousdistancesfrequenciesandpermittivity for the distance
range of 8 to 10 meters for frequencies below 150 NAimust 2009 Data).

Frequency (MHz) Permittivity, U Conductivity, (Sim)
30.0 6.0 0.005
60.0 6.0 0.009
30.0 6.5 0.005
60.0 6.5 0.007
30.0 6.7 0.004
60.0 7.0 0.007
30.0 7.0 0.004
60.0 7.0 0.006

A second set of measured data was recorded in Mayuig the samsteppedrequency

technique using sets of monopole antennas resahdb.5, 250, 430, 700, and 915 MiHat

only at a single distance of 8.3 metekdimited amount of datavas available from these
measurements$t was determined that threlative permittivity (g,) andconductivity @) were

higher for this set of measuremernithe results of thedday 2010measurements are shown in

Figures A20 through A24, which are expanded plots for better resolutibnese figures were

used to determing of the groundat and above 150 MHZTable 3summarizes the values gf

extracted fronfFigures A20 through A24f or ¢ = 0. 005 Siemens/ meter
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Table3. Values ofg; atdifferentfrequenciest adistanceof 8.3 metergMay 2010 datg.

Frequency (MHz) Permittivity , U Conductivity,
150.5 9.0t0 10.0 0.005
250.0 10.0 0.005
430.0 7.5 0.005
700.0 9.0 0.005
915.0 9.0 0.005

These values o, from Figures A20 through A24 were used to determine the conductivity
Figures A25 through A29 at frequencies below 150 MHz

The higher values fog, of theMay 2010datawhen compared to measurements of the previous
year(August2009 werethought to be a result aicreased moisture content dudahe heavier
rainfall that occurred prior to thielay 2010measurement$oil conditions were drier whehe
previous measurementgeretaken in August 2009For both setof measurements the ground
was not homogeneous, but this surface wave technique of determining the ground constants
results in an agggate measure of the rbomogeneous ground at Taleuntain

Figures A25 through A29 presenthe results otomparing thévlay 2010measured data the
predictiors, with plots expanded for better resolutidiese figures were used to deternmona

the ground for the second set of measuremesitgy the lower frequency compensation

technique described previouslyfrequencies below 150 MHz, sineeould not be resolved

from the measurements above 150 MHze plots in these Figureseexpandd with better

vertical scale resolutioto facilitate theextracton of data.Table4 summarizes the results of

extracting the values @ffrom Figures A25 through A29. Referring to Figures &£ and A3 the

lossver s;gsirges are relativelbyetiwesdno®d, whicvvweeret o ¢ h a
theeval ues used in Table 4 for determining o.

Table4. Values ofconductivityandpermittivity, for variousfrequenciegor thesingle distance
of 8.3 metergMay 2010datg.

Frequency (MHz) Permittivity , U Conductivity, G (S
30.0 7.0 0.008
30.0 7.5 0.006
30.0 8.0 0.005
90.0 7.0 0.005
120.0 9.0 0.007
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6 CONCLUSION

It was determined that the propagation loss of the surface weslatisely insensitivet@ ( t h e
conductivity),but does show significant variation with resped;the relative dielectric

constant) for frequencies including and above about 150. Miizer frequencies below 150

MHz do show some variation withy andsmall variations at these lower frequencies can be used
to determinao. At higher frequencieshe variation of propagation loss could not be used to
determineo. This method can be used as a comparis@vtatical incidencéreflection
coefficient)ymeaurement/analysis effatftat is currently underwayndcould provide possible
verification of values of; obtained with the vertical incidence method.

Future work would include examining gedata above and below 150 MHz using a computer
program withan optimization algorithm to determine the values, @hdao. Another area of

future work would include developing a methtbdt woulduse the phase angle of the transfer
function$; from the measured data with a propagation loss prediction algorithotiains
phase angle as an alternative method of obtaining tieen data at frequencies above and
below 150 MHz Separation of the transfer function into real and imaginary components could
provide better resolution for determination of thior compaison to the mathematical
expressions for propagation loss of the surface wave
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APPENDIX A FIGURES SHOWING RESULTS OF COMPUTATIONS AND
MEASUREMENTS FOR DIELECTRIC CONSTANT AND CONDUCTIVITY
DETERMINATION WITH AL L ANTENNA HEIGHTS EQUAL TO ZERO
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Figure A-1. Propagation loss versus frequency for three tgpgsound for a distance 40
meters
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Figure A-2. Propagation loss versus epsilon for sigma ©Dahd distance = 10.meterswith
frequency as parameter

Frequency = 5750 MHz

Frequency = 2260 MHz

120 Frequency = 915 MHz
- - Frequency = 430 MHz

- - Frequency = 150 MHz

110 Frequency = 90 MHz
B = ’ I B Frequency = 60 MHz

Frequency = 30 MHz

100 |-

Loss (dB)

Epsilon

Figure A-3. Propagation loss versapsilon for sigma 0.020 and distance =Olfdeterswith
frequency as a parameter
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Figure A4. Propagation loss versus sigma for epsilon = 4.0 and distancé mdi@rswith
frequency as a parameter
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Figure A'5. Propagation loss versus sigma for epsilon = 25.0 and distance mdi@1@with
frequency as a parameter
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to predicted loss 1030 MHz withe, = 7.0 ando as a parameter
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Figure A15. Corrected measured propagation loss (Ratgust 2009)Versus distance compared
to predicted loss for 60 MHz with = 7.0 ando as a parameter
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Figure A17. Corrected measured propagation loss (Ratgust2009)versus distance compared
to predicted loss for 60 MHz with = 6.5 ando as a parameter
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Figure A-19. Corrected measured propagation loss gatgust 2009\ersus distance compared
to predicted loss for 60 MHz with = 6.7 ando as a parameter
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Figure A20. Comparisonsf propagation loss predictions with monopole measuremigtag (
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Figure A21. Comparisons of propagation loss predictions with monopole measureMants (
2010 at 250 MHz witho = 0.005
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Figure A-22. Comparisons of propagation loss predictions with monopole measureMamts (
2010 at 430 MHz witho = 0.005
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Figure A23. Comparisons of propagation loss predictions with monopole measusefviay
2010 at 700 MHz witho = 0.005

32



Loss (dB)

Epsilon = 8.0
,,,,,,,,,, — = = Epsilon=9.0
,,,,, .| ===== Epsilon=10.0

L Measured Data Noted at Vertex

50

5 6 7 8 9 10 11 12 13 14 15

Distance (m)
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Figure A-25. Comparisons of pr@mation loss with monopole measuremehtay 2010 at 60
MHz with varyingo ande, = 7.0
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Figure A-26. Comparisons of propagation loss with monopole measurenMays2010Q at 90
MHz with varyingo ande, = 7.0
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Figure A27. Comparisons of propagation loss with monopole measurenMays201Q at 60
MHz with varyingo ande, = 7.5
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Figure A-28. Comparisons of propagation loss with monopo&asurementday 2010 at 60
MHz with varyingo ande, = 8.0
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Figure A29. Comparisons of propagation loss with monopole measurenMays201Q at 120
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